Luciferase catalyzes the preferential synthesis of adenosine(5')tetraphospho(5')nucleoside (Ap4N) in the presence of luciferin (LH,), adenosine 5'-[y-thioltriphosphate (ATP [yS]) and NTP (other than ATP), with very low, or undetectable synthesis of Ap4A or Np4N, because ATP[yS] is a good adenylyl donor for the formation of the E-LH,-AMP complex, but a poor adenylyl acceptor from the complex, and NTP, other than ATP, are bad nucleotidyl donors, but good acceptors of the AMP moiety of the E-LH,-AMP complex. Synthesis of the corresponding A p a (or Ap,G in the case of p4G were obtained in the presence of ATP[yS] and GTP, UTP, CTP, XTP, d m , ITP, dGTP, d C P , cUTP, EATP (&A, N6-ethenoadenosine) or p4G. The yield of synthesis of Ap4N was at least 50% of that theoretically expected. The process can be easily scaled-up, which allows synthesis of at least 1-5 pmol Ap4N. Further evidence for the synthesis of Ap4G from ATP[yS] and GTP was obtained by 'H-NMR and 31P-NMR spectroscopy. Synthesis of Ap4N, in yields lower than those above, can also be obtained in the presence of ADP and NTP; synthesis is due to the presence in commercial luciferase of enzymes (adenylate kinase and NDP kinase) that catalyze the synthesis of ATP from ADP and W. In the presence of ATP and polyphosphates, luciferase catalyzes the synthesis of a variety of compounds of adenosine 5'-polyphosphates (p,A; n = 3-20 and Ap.A; n = 4-16). In the presence of P3 or P4, preferential synthesis of p4A and ApsA or psA and ApA were obtained, respectively, showing that both polyphosphates accept the adenylyl moiety of the E-LH,-AMP complex, Polyphosphates of chain length 5, 15 and 35 elicited the synthesis of a variety of P,,A and Ap,,A. Ap4A is also split by luciferase in the presence of P, or P4 (but not in the presence of P,) yielding preferential synthesis of p,A and Ap5A, or p,A and Ap6A, respectively.
intact a-phosphate and with at least a P, chain are the preferred substrates for the formation of the E-LH,-NMP complex (reaction 1). Nucleotides best accepting AMP from the E-LH,-AMP complex are those containing an intact terminal PP, moiety and at least a P3 chain (reaction 2). Accordingly, when the enzyme was incubated with one of the following nucleotides (i.e. AW, P A , dATP or GTP) Ap4A, Ap5A, dAp4dA and, to a lesser extent, Gp4G, respectively, were formed. When the reaction mixture contained ATP and a different nucleotide (i. e. P A , dATP, GTP), luciferase synthesized in addition to ApA, Ap,A, Ap4dA or Ap4G, respectively, and, to a lesser extent, dAp4dA or Gp4G [4, 51. In this work, we have taken advantage of the specificity of the enzyme in order to obtain 'the specific synthesis Ap4N, using adenosine-S-[y-thioltriphosphate (ATP[yS] ) and NTP as substrates, and the synthesis of AP,,,~A using ATP and polyphosphates as substrates.
MATERIALS AND METHODS

Materials
Luciferase from firefly (Photinus pyrulis) was purchased from Sigma (catalogue no. L-5226; lots 36F-8035 and 77F-8135-1) or from Boehringer (catalogue no. 411523). PP, (catalogue no. %08987), alkaline phosphatase (catalogue no. 
Methods
Laciferase assay
The stock solution of firefly luciferase was prepared dissolving 5 mg of the powder in 1 ml 0.5 M HepesKOH, pH 7.5, 1 mM dithiothreitol and 10% glycerol. The standard reaction mixture for the synthesis of Ap$J contained the following in a final volume of 0.05 d: 50 mM HepesKOH, pH 7.5, 5 mM MgC12, 0.25 mM D-luciferin, ATP[yS] and NIT' , as indicated in Tables 1-3 , 0.1% bovine serum albumin, 0.05 U inorganic pyrophosphatase and luciferase (25 -50 pg protein). Incubation was performed at 30°C. The reaction mixture was analyzed by HPLC. Aliquots of 0.01 ml were withdrawn from the reaction mixture at the indicated times, transferred into 0.14 ml hot water and kept at 95OC for 1.5 min. After chilling, the mixture was filtered through a nitrocellulose membrane (Millipore HA, 0.45 pm) and a 0.05-ml portion injected into a Hypersil ODS column. Elution was performed at a constant flow rate of 0.5 mYmin with a 20-min linear gradient (5-30 mM) of sodium phosphate, pH 7.5, in 20 mM tetrabutylammonium bromide/20% methanol (buffer A), followed by a 10 min linear gradient (30-100 mM) of sodium phosphate, pH 7.5 in 20 mM buffer A; further elution with 200 mM sodium phosphate, pH 7.5, in 20 mM buffer A was performed to analyse reaction mixtures containing polyphosphates as substrates of luciferase. The concentration of each nucleotide in the sample was estimated by comparison with chromatograms of standard solutions of known nucleotide concentration.
In scaled-up procedures for the synthesis of Ap4N, reaction mixtures of 0 . 5 -2 d were used. In this case, the characterization of the reaction products was canied out either as above (with a Hypersil ODS column) or using a Mono Q column (0.5 cmX 5 cm). The Mono Q column was also used to isolate the synthesized NpnN. Elution from the Mono Q column was accomplished, at a flow rate of 1 mY min, with a 30-min linear NH4HC0, gradient (0.17-1 M). Fractions containing Ap4N were pooled, lyophilized and final purity established by injecting aliquots into the Wypersil ODS column, as above.
NMR spectroscopy
High resolution "P-NMR (145.8 MHz) and 'H-NMR (360.1 MHz) spectra were acquired at 8.4 T on a Bruker AM-360 spectrometer. 31P-NMR acquisition conditions were 60 ' pulses, 13 158 Hz spectral width, 16 K words computer memory (0.622 s acquisition time), 4 s total cycle time and 1024 scans for each spectrum. Broad-band proton decoupling was applied only during the acquisition period using a composite-pulse decoupling sequence (WALT-1 6). Chemical shifts are referred to the signal of methylenediphosphonic acid (18.6 ppm) located in a concentric capillary and plotted as recommended by IUPAC 161. Freeze-dried samples or the appropriate standards, were dissolved in 99.9% deuterium oxide prior to 'H-NMR spectroscopy. High-resolution 'H-NMR spectra were acquired using 90 O pulses, 3968 Hz spectral width, 16 K words computer memory (2.3 s acquisition time) and 5 s total cycle time using 128 scans for each spectrum. The residual HDO signal was attenuated with a 1 s presaturating pulse applied with the decoupler. Chemical shifts are referred to internal 2,2,3,3-(ZH4)trimethylpropionate at 0 ppm. 
RESULTS AND DISCUSSION
PP,).
Hence, the synthesis of several Np,N was assayed in the presence of equimolar concentrations (2 mM) of ATP[yS] and different " P or p4G. The rate and extent of the reactions were measured after 1 h and 20 h of incubation, respectively (Table 1) . Maximal rates of synthesis of Np,N were obtained with ATP[yS] plus p4G as substrates. In all other cases, the rate of synthesis (after 1 h incubation) of the corresponding Ap4N was around half of that obtained in the presence of p4G. The extent of the syntheses (after 20 h incubation) of Ap4N were rather similar with yields of more than 50% of the maximum expected, and more than 75% for Ap4X (X, xanthosine), Ap41 (I, inosine), Ap46 and Ap4dC. and NTP (CTP, UTP, XTF' , GTP, I " , dGTP, dCTP or dITP), luciferase (225 pg proteidml) and other reagents as in the standard luciferase assay, were incubated for 24 h at 30°C. The samples were then treated with 5 U alkaline phosphatase for 2 h at 37OC, and heated at 100°C for 1.5 min. Aliquots of 0.01 ml were taken, diluted to 0.15 ml and 0.05 ml injected into a Mono Q column (0.5 cm X 5 cm). Elution was performed with a linear gradient of ammonium bicarbonate. Absorbance of the eluate was measured at 260 nm. Peaks corresponding to Ap,N were characterized by their ukraviolet spectra.
These results (Table 1) Fig. 1 B) . The synthesis of eAp5eA was due to contaminating p4eA present in the commercial preparation of CAW. This experiment shows that eATP (inactive as substrate for light emission) [ll] is able both to form the complex E-LH,-CAMP and to accept the nucleotidyl moiety of the complex, to form eAp4&A. The synthesis of eAp4A was tested in standard reaction mixtures of 0.05 ml, containing equimolar concentrations (2mM) of AW[yS] and eAW. In this case, €Ap4A and cAp5A were synthesized at a final concentration of 0.36 mM and 0.1 mM, respectively, after 20 h incubation (Fig. 1 A) . The identity of eApA, eAp4eA and eAp5eA was inferred, by their insensitivity and sensitivity to alkaline phosphatase and snake venom phosphodiesterase treatment, respectively (results not shown), by their relative elution time NMR conditions were as described in Materials and Methods. 31B-FJMR spectra were taken at 0-1 h, 5-6 h and 10-11 h intervals. After 20 h of incubation, the reaction was heated at 100°C for 90 s, centrifuged and the supernatant subjected to both 3'P-NMR (this figure) and 31H-NMR (Fig. 4 A) In several attempts to scale-up the synthesis of Ap4N, reaction mixtures of 0.5-2 ml, containing equimolar amounts (2-5 mM) of ATP [yS] and NTP, were used. Other conditions were essentially as described in Materials and Methods, except that luciferase was added at a final concentration of 225 pg groteidml. Around 75% of the added NTP (as in our experimental conditions EATP elutes around 4 min later than ATP, one could expect that cAp.,A elutes later than Ap4A, etc.) and by their ultraviolet spectra (results not shown). After incubation for 24 h at 30°C. the mixtures were treated with alkaline phosphatase to eliminate residual nucleoside 5 ' -phosphates; small aliquots (around 3 pl) were chromatographed on a Mono Q column (Fig. 2) to establish the extent Figures (n or dn) on top of the peaks correspond to p. A (n) or Ap.A (dn), as explained in Fig. 5. of the reaction. The Ap4N formed represented from 62-78% of the molar input of NTP. Purification of Ap$J was accomplished by processing 0.5-ml aliquots of the reaction mixture through the same Mono Q column and eluting as in Fig. 2 (results not shown) .
Further evidence for the synthesis of Ap4N was obtained by NMR spectroscopy. In this case, synthesis of Ap4G was approached because 'H and 31P spectra of this compound had been previously reported [12, 131. The reaction mixture, in a final volume of 2.5 ml, contained 50 mh4 HepesKOH, pH %o resonances (10 and 11) appear in the spectra taken during the 5-6 h and 10-11 h intervals (Fig. 3) corresponding to the a-and &phosphates, and j?-and y-phosphates of Ap4G, respectively. The reaction was stopped after 20 h incubation, by heating at 100°C for 90 s. The reaction mixture was centrifuged and the supernatant subjected to 31P-NMR spectroscopy (Fig. 3) . Previously, a small aliquot (0.01 ml) was withdrawn for a HPLC run (Fig. 4, B) . At this time, the major resonances (10 and 11, Fig. 3 ) of the 31P spectrum were due to the presence of Ap4G. After performing this spectrum, the supernatant was lyophilized to dryness, the residue resuspended in 0.5 ml D,O and a 'H-NMR spectrum was recorded as indicated in Materials and Methods (Fig. 4 A) Fig. 4 A.
In summary, the results of the analysis of the reaction mixture, after 20 h incubation, by HPLC (Fig. 4 B) , 'H-NMR (Fig. 4, A) and 31P-NMR spectroscopy (Fig. 3) show that luciferase catalyzed the synthesis of Ap4G from ATp[yS] and Gll? It should also be stressed that most of those Ap4N are not commercially available, they are not present or are not easily isolated from biological sources and their chemical synthesis is more tedious and time-consuming than the luciferase method. If needed, several approaches [15] for the purification of Ap4N can be followed: after heating the reaction mixture at 100°C for 1.5 min (either directly or after its treatment with alkaline phosphatase (5 U/ml for 1-2 h), and subsequent centrifugation, Ap4N in the supernatant can be easily purified by standard procedures, i. e. TLC [16] , DEAE-cellulose [17, 18] , DEAE-Sephadex [19] or Mono Q chromatography with ammonium bicarbonate gradients (Fig. 2) . boronate chromatography [20, 211, etc .
Synthesis of Np4N, other than Ap4A, with NTP
The synthesis of Np4N catalyzed by luciferase, in the presence of only one NTP other that ATP, was already shown to take place with p4A, dATP and to a lesser extent with GTP [5] . We tested whether after prolonged incubation time in the presence of high concentrations of "IT, synthesis of the corresponding Np4N could be achieved. For that purpose, ATP, GTP, CTP, UTP and XTP were incubated by separate in standard reaction mixtures (see Materials and Methods) at a final concentration of 4 mM, for 20, 44 and 70 h at room temperature. After 20 h of incubation, the synthesis of Ap4A, Gp4G, Cp4C, Up4U and Xp4X was 91%,33%, 7%, 1.5% and 3%, respectively, of that expected if the total amount of "IT would have been transformed into the corresponding Np4N. The incubation for 44 h did not increase significantly the above yields and, after 72 h incubation, degradation of previously formed Np.,N was observed, favoured by the presence of residual N T P [5] .
Synthesis of Ap4N from ADP and NTP
The commercial preparation of ATP[yS] used in this work contained 20% of ADP, evidenced by HPLC. This value increased up to 30% after heating samples of ATP[yS] during 1.5 min at 95°C. Both factors explained the systematic presence of ADP in reaction mixtures containing ATP[yS] plus NTP (Fig. 1) were obtained in all cases. However, the rate of the synthesis (measured after 2 h of incubation) was much lower than that obtained in the presence of ATP [yS] , indicating that ATP [yS] was, at least, a better substrate than ADP to form the complex E-LH,-AMP (Table 2 ). The fact that both commercial luciferase preparations used in this work (Sigma and Boehringer) contained traces of adenylate kinase and NDP kinase made uncertain whether ADP, or ATP generated in situ from ADP, was the true substrate of the reaction. We are more in favour of the second possibility, since picomolar amounts of ATP suffice to elicit formation of the complex E-LH,-AMP (and hence to emit light) whereas higher concentrations of ATP or NTF' (miIlimoIar K,) are needed to synthesize Ap4A
Synthesis of ApnA from ATP and P,
Preliminary experiments had shown that a P3 chain, in the absence of the 5'-attached nucleoside, was also acceptor of the adenylyl moiety of the E-LH,-AMF' complex. To explore further this finding, luciferase was incubated, in 0.05 ml standard reaction mixtures, in the presence of equimolar concentrations (2 mM) of ATP and each one of Ps, P4, P5 , , P,, 3, P35 4. Controls in the absence of P . and in the presence of trimetaphosphate (a P, with cyclic structure) were carried out. The presence of trimetaphosphate did not affect the rate or the extent of synthesis of Ap4A from AT€?
When the reaction was supplemented with P,, rapid synthesis of p4A, ApSA and Ap4A took place after 2 h of incubation (Fig. 5, Table 3 ), indicating that P, was acceptor of AMP from the E-LH,-AMP complex, yielding p4A, and Ap,A was synthesized from p4A. Since the rate of synthesis of Ap4A was less than that of p4A, P, seemed to be a better acceptor of the adenylyl moiety of the complex than ATP. After 20 h incubation in the presence of P,, ATP had been transformed preferentially into Ap5A and p4A (Fig. 5, Table 3 ). Similarly, preferential synthesis of p,A and A p d was obtained after 2 h incubation in the presence of P,. The results obtained in the presence of ATP plus P5, P,, or P,, showed the formation of a variety of p,A and Ap.A with no appreciable specific synthesis of the corresponding pn + ,A and Ap. + ,A nucleotides.
The following indirect approach was used to characterize (A)pnA. The standard commercially available nucleotides (AMP. ADP, AW, p4A, A p A Ap4A, A P A A p A were chromatographed in the same experimental conditions and used to characterize the corresponding unknown (A)pnA. Compounds of ApnA and p. A type can be easily distinguished by their (in)sensitivity to alkaline phosphatase; hence, reaction mixtures containing P,, P4, P5, Pis and P,,, and incubated for 23 h, were chromatographed before and after extensive treatment with alkaline phosphatase; the results obtained with P5 and p,, are presented in Fig. 6 ; as tRe synthesis of pnA and ApnA takes place by increasing the number of phosphates one by one (because of the addition of one molecule of AMP either to a chain of polyphosphates or to a pnA derivative), consecutive numbers of phosphates can be assigned to the peaks of the Ap,A type appearing successively in the chromatograms of reaction mixtures treated with alkaline phosphatase (Fig. 6 ). By the same token, the p,A compounds were identified both by their chromatographic position and by the behaviour (disappearance or diminution) of some peaks after the phosphatase treatment. In this way, we could represent mobility (in our HPLC conditions) of all these compounds versus number of their, known or estimated, phosphates (Fig. 7) . Based on the above assignments, and on the area of the corresponding peaks, the yield of each one of the adenine nucleotides synthesized in reaction mixtures containing P,, P5, P,, and P,, was calculated ( Table 3) .
These results support the occurrence in luciferase of two binding sites for ATP, as previously shown by others [2], using ligand binding techniques. One site binds Mg-ATP [2] with high affhity and specificity to form the E-LH,-AMP complex; an adenosine residue with an intact a-phosphate is essential for the formation of the complex. The other site, less specific, binds ATP and AMP [2], and is probably the site where ATP, and chains of P2, P3, P,, and P, bind, with low affinity, to accept the adenylyl residue of the E-LH,-AMP complex, to synthesize (A)pnA.
The variety of pnA and Ap,A obtained in the presence of P,, P,, or P,, could be due not only to the occurrence of polyphosphates of several chain length in the corresponding commercial preparations (see Materials and Methods) but also to the cleavage of polyphosphates catalyzed by luciferase in the presence of ApnA. This last aspect was tested in standard reaction mixtures containing equimolar concentrations (2 mM) of Ap4A and P2, P,, P4 or P5 (Fig. 8) . Reactions were run for 2 h and 20 h in the presence or the absence of pyrophosphatase, respectively. In the presence of P2, ATP was synthesized as previously shown [J]. In reaction mixtures containing P, or P4, p4A and ApSA (Fig. 8 ) or p5A and ApsA were synthesized, respectively. The results obtained in the absence of pyrophosphatase were rather similar, except that ATP was also synthesized (Fig. 8) . However, Ap4A was not split in the presence of P5 or in the absence of polyphosphates. These results confiied that in the presence of Ap,A, luciferase forms the complex E-LH,-AMP If no acceptor of the AMP moiety of the complex is present, the reaction does not go beyond this step, and practically no hydrolysis of A p a is observed (Fig. 8 [5] ). However, if one acceptor of AMP is present, for example P3, formation of p4A and Ag5A takes place. In accordance with those results it is possible that Ap5A and A p d are also split by luciferase, what may explain the variety of pnA and Ap,A found in the presence of ATP and polyphosphates.
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